The ability of cobalt-based transition metal complexes to catalyze electrochemical proton reduction to produce molecular hydrogen has resulted in a large number of mechanistic studies involving various cobalt complexes. While the basic mechanism of proton reduction promoted by cobalt species is well understood, the reactivity of certain reaction intermediates, such as Co 
Introduction
The conversion of solar energy into fuels through photochemical water splitting is considered as a viable solution to global energy problems and the reduction of anthropogenic emissions of carbon dioxide.
1,2
During the past decades, substantial effort has been made to develop catalysts for the reductive side of water splitting, i.e., the generation of H 2 from protons and an electron source, using earth-abundant transition-metal complexes. [3] [4] [5] Molecular complexes based on cobalt (Chart 1), [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] nickel, [23] [24] [25] [26] [27] iron [28] [29] [30] and molybdenum [31] [32] [33] [34] have been shown to catalyze proton reduction in acidic acetonitrile (or, in a few cases, water) to produce H 2 under electroand/or photochemical conditions in an efficient manner.
Cobaloxime complexes (cat14, cat15, cat16) have been extensively studied as catalysts for electrochemical [6] [7] [8] and photochemical [9] [10] [11] [12] H 2 production owing to their relatively simple preparation and the low overpotentials required to reduce protons. Despite extensive mechanistic studies, 35, 36 some details of cobaloxime-catalyzed proton reduction remain a topic of much debate, largely owing to the difficulty of detection of some key reactive intermediates such as the In one proposed heterolytic pathway, protonation of the resulting Co III H yields H 2 and regenerates Co II species. Fontecave and Artero originally suggested that this mechanism operates in the proton electroreduction with cat14. 7 They also reported that, depending on the applied potential and the pK a of the acid used, different pathways for hydrogen production could operate. 40 In the proposed homolytic pathway, a bimolecular reaction involving two Co III H species results in H 2 release. 8, 37, 41 Eisenberg et al.
proposed an alternative heterolytic pathway in which the Co III H is further reduced to a Co II H species that is subsequently protonated to generate H 2 . 11, 39 It is also believed that the mechanism can change, depending on the applied potential, concentration of the reducing agent, the concentration of the added acid, and the acid's pK a .
Several recent theoretical studies reported independently by the groups of HammesSchiffer 42, 43 and Muckerman 44 have elucidated key mechanistic details for H 2 production by cobaloxime complexes. Both monometallic and bimetallic pathways were considered in these theoretical approaches, but the monometallic route in which Co III H is reduced to Co II H followed by protonation to generate H 2 and Co II was determined to be the most plausible in terms of stabilities of presumed reaction intermediates.
A substantial body of literature describes cobaloxime systems in dry organic solvents with organic acids acting as a proton source. The use of organic solvents was usually justified by the poor solubility or instability of these cobalt complexes in water. A proton reduction catalyst that can perform effectively in pure aqueous media is highly desirable in order to couple proton reduction and water oxidation half reactions, and there are only a handful of molecular cobalt complexes known to efficiently catalyze water reduction in fully aqueous solutions. 15-20, [45] [46] [47] [48] [49] [50] [51] [52] [53] Co-aqua complexes cat1 or [Co
III
OH 2 ] 3+ (see below) were found to be more stable in aqueous solutions, especially under acidic conditions, compared to the cobaloxime systems. In comparison to cobaloxime complexes, Co-polypyridyl catalysts have been mechanistically investigated to a lesser extent. A few studies of electrocatalytic or photocatalytic H 2 evolution with Co-polypyridyl based catalysts focused on the mechanistic and kinetic details, providing some understanding of the proton reduction steps.
13,22, [46] [47] [48] 52 To provide further insight into the mechanism of proton reduction by cat1, Webster et al.
performed DFT calculations to explore possible reaction intermediates and the free-energy profiles of various proton reduction pathways. 3 were prepared using previously published methods.
15

DFT Calculations
All geometries were fully optimized at the B3LYP level of density functional theory [54] [55] [56] [57] with the SMD aqueous continuum solvation model 58 using the all-electron 6-31G++(d,p) 5d basis set 59 on all atoms. Non-analytical integrals were evaluated using the integral=grid=ultrafine option as implemented in the Gaussian 09 software package. 60 The nature of all stationary points was verified by analytic computation of vibrational frequencies, which were also used for the computation of zero-point vibrational energies, and thermal contributions to the free energies.
A 1 M standard state was used for all species in solution, thus, an adjustment for the 1 atm to 1 M standard-state concentration change of RT ln(24.5), (1.89 kcal/mol at 298 K) was added to the computed gas-phase free energies. In the case of water solvent, the 1 atm gas-phase free energy is adjusted by the sum of a 1 atm to 55.6 M standard-state concentration change, or 4.27 kcal/mol, and the experimental 1 M to 1 M self-solvation free energy, -6.32 kcal/mol, yielding an overall correction of -2.05 kcal/mol to the gas-phase free energy. The 1 M to 1 M solvation free energy of the proton was taken from experiment as -264.0 kcal/mol.
61-64
The electron convention was used for the electron, which has a gas-phase standard state (25 ºC) free energy of -0.87 kcal/mol as calculated by Bartmess using Fermi-Dirac statistics. 65 Using the calculated gas-phase standard free energy of H 2 with the functional and basis employed here, along with the standard free energies of the solvated proton and the gas-phase electron cited above, we obtain the value of 4.30 V for the absolute potential of the normal hydrogen electrode (NHE). A more detailed description of the calculations of pK a values can be found in the Supporting Information.
Spectroscopic Measurements
All experiments were conducted under an Ar atmosphere. UV-vis spectra were measured on M. The Na/Hg amalgam was held in a separate compartment (isolated by a glass frit), and the sample was gradually reduced with UV−vis spectral monitoring. The NMR sample of the Co(I) species was prepared in CD 3 CN using custom-built glassware equipped with a Na/Hg chamber, an optical cell and a NMR tube in the similar way, and the NMR tube was flame sealed.
UV-vis transient absorption experiments were conducted with a home-built apparatus similar to that described previously, 66 except for the following differences: excitation was provided by an Opotek Vibrant LD 355 II OPO laser (420 nm, 5 ns, 1 mJ/pulse) at 5 Hz. For transient absorption measurements, the sample was probed by a pulsed Xe arc lamp in a 90° beam geometry arrangement, and a Tektronix DPO4032 digital phosphor oscilloscope (350 MHz, 2.5 GS/s) was used to digitize the transient signals from a Hamamatsu R928 PMT detector. The sample was held in a thermostated cell holder, which was maintained at 25.0 ± 0.1 °C. The probe light was filtered through a combination of longpass and shortpass filters to limit irradiation of the sample. The same setup was used to obtain emission lifetimes, except the sample was not probed with the Xe arc lamp. Transient decays were recorded at individual wavelengths every 10 nm in the range between 320 and 800 nm as the average of 4 pulses.
Electrochemical Measurements
Electrochemical measurements of redox reactions of cat1 were conducted with a BAS 100b electrochemical analyzer from Bioanalytical Systems. Cyclic voltammograms and square wave voltammograms in aqueous solutions were measured using 50-100 µM solutions of Ar and placed inside another gas-tight syringe. Both syringes were placed inside a syringe pump and connected to a T-fitting using 100 m ID capillary tubing. The third port of the T-fitting was connected to the inlet of the ESI unit through a 100 m ID capillary. The internal volume of the capillary was about 15 L which provided a minimum aging time of ca. 2 seconds using the highest flow rate available (1 mL/min). Longer aging times were obtained by using capillaries with larger IDs and slower flow rates.
Pulse Radiolysis
Pulse radiolysis studies were carried out using the BNL 2 MeV van de Graaff accelerator 
Results
Spectroscopic properties of cat1
The was determined from the least-squares fit of the absorbance vs pH data (Fig. S2 ) and was found to be consistent with the pK a of ca. 10.7 predicted theoretically and obtained from the pH dependent electrochemical measurements (vide infra).
The mass spectrum of the solution obtained from the addition of perchloric acid to [Co , with a weak visible absorption. The UVvis spectrum of the green solution of Co I exhibits intense absorption in the visible and NIR regions. UV-vis spectra of the one-and two-electron-reduced DPA-Bpy ligand itself prepared by Na/Hg reduction is distinctly different from the UV-vis spectrum of the two-electron-reduced Co complex ( Fig. S5 ). This suggests that the electron density is mainly localized on the metal center.
The Co I species is extremely stable in air-free dry CH 3 CN since no absorption change was observed after several weeks. 
OH]
2+ in 20 mM phosphate buffer, 0.1 M sodium perchlorate obtained from square-wave voltammograms performed by scans in a negative direction from 300 to 1200 mV.
The less negative potential of the [Co ) and negligible absorbance above 550 nm. 69 The DFT calculated spectrum of the [Co
III
H]
2+ species is qualitatively consistent with the spectra measured in pulse radiolysis and flash photolysis experiments and did not exhibit significant absorption above ca. 300 nm (Fig. S16) .
Hamm et al. have recently observed a second-order decay of the Co I species of cat9. 48 It was proposed that hydrogen is produced after protonation of Co ). 69 The radical was found to add more rapidly to N-meso-CoL It was also found that the decay of the Co I species of cat1 is independent of the pH (Fig. 5 and 
Photogeneration of the Co I of cat1 and its reactivity with proton donors in acetonitrile
The reduced Co 
VS]
+ the lowest energy species (Table S1) . Surprisingly, another set of five-coordinate species was identified by DFT with the aqua or hydroxyl ligand still attached to the cobalt center, but with the detachment of one of the pyridine rings of the DPA-Bpy ligand from the metal (Fig. S19 ). In the case of the aqua complex, the complex is stabilized by a hydrogen bond between a proton from the aqua ligand and the detached N-site.
We denote those as [Co( 4 -L)(OH 2 )] n+ and their relative energies are also shown in Table S1 .
The calculations indicate that the loss of the aqua ligand is more energetically favorable than  4 -coordination with retention of the aqua ligand.
free energies of H 2 O (liquid), the solvated proton, the gas-phase electron, and the value of the absolute potential of the normal hydrogen electrode (NHE), a Pourbaix diagram can be constructed 78 for various redox and acid-base states of cat1 (Fig. 7) (Fig. 7, top) is distinctly different from the experimental results (Fig. 3) 
H]
2+ generated in pulse radiolysis was found to be stable at pH 12.5 for at least 5 s (Fig. S11) 
Discussion
The mechanism of proton reduction catalyzed by various cobalt coordination complexes has been extensively studied in the past and, in general, follows the pathway shown in Scheme 1.
Despite significant recent progress in the understanding of the reactivity of Co-based proton reduction catalysts, the properties of certain reaction intermediates such as Co in water appears as a one-electron reversible wave (Fig. S8) 
H]
2+ was estimated to be ≥ 15.7. This appears to be higher than those of most cobaloxime compounds. Such a high pK a value for a Co III -hydride species is unusual, but not unprecedented. For example, a pK a > 13.9 was reported for cat12. 69 This high basicity of the [Co The outer-sphere reorganization energy was calculated based on the following equation:
Where: ∆e is the difference charge before and after the reaction; a 2 and a 3 are the radii of the metal complex and the proton donor respectively; r is the distance between the donor and the acceptor; D s is the static dielectric constant; D op is the optical dielectric constant, which equals to the square of the refractive index (n).
The following parameters were used for calculations: a 2 = 5.7 Å (from DFT calculations) and a 3 = 3 Å (for triply hydrated hydronium ion H 9 O 4 + ), r = 8.7 Å, D s = 78.3, n = 1.333 which resulted in λ out = 25.4 kcal/mol.
